The kinetics of ligand dissociation has been found to be crucial for a good drug candidate. Therefore, examining the underlying free energy profile of the dissociation that governs the kinetics becomes important. Umbrella sampling (US), a widely used free energy calculation method, has long been used to explore the dissociation process of ligand-receptor systems. The potential of mean force (PMF) computed from US seems to always produce binding affinity and energy barriers that more or less agree with experiments. However, such PMFs are influenced by many practical aspects, like the method used to generate the initial dissociation pathway, collective variables (CVs) that used to describe the reaction coordinate (RC), and how intensive the sampling is in the conformational space restrained by the CVs. These critical factors were rarely studied. Here we applied US to study the dissociation processes of β-cyclodextrin (β-CD) and p38α complex systems. For β-CD, we used three different β-CD conformations to generate the dissociation path manually. For p38α, we generated the dissociation pathway using accelerated molecular dynamics (AMD) followed by conformational relaxing with short conventional molecular dynamics (MD), steered molecular dynamics (SMD) and manual pulling. We found that even for small β-CD complexes, different β-CD conformations will alter the height of the PMF and different dissociation directions result in appearance/disappearance of local minima. SMD poorly samples the residue sidechain movement, leading to overestimated height of PMF. On the other hand, the AMD pathway relaxed by short conventional MD sampled more accurate structures, resulting in reasonable PMF.
Introduction
Free energy is an important quantity that characterizes chemical and biological processes. The change of free energy governs the directionality and extent of chemical reactions. Free energy decomposes into enthalpy and entropy, where determination of entropy is challenging both experimentally and computationally. For these reasons, it is one central task for computational chemist to achieve accurate calculation of free energy, especially the free energy profile along a chemical process [1] [2] [3] . A variety of free energy calculation methods have been developed in the past decades, such as perturbation theory [4] , thermodynamic integration [5] , umbrella sampling [6] , and partition function from density of states [7] , and provided insights into various chemical and biological systems [8, 9] . Among these methods, umbrella sampling (US) is a conceptually straightforward, computationally efficient and reliable one that computes the potential of mean force (PMF) based on rigorous probability calculations [6] . It requires a well-defined reaction coordinate (RC) represented by one or a few collective variables (CVs) [10] . Intensive conformational sampling is performed by enforcing external restraints at the conformations along the RC within a series of successive overlapping windows. Finally, the PMF can be constructed by removing the external restraints.
US is particularly suitable for computing the PMF of ligand-receptor dissociation driven by non-bonding interactions. It has long been applied to calculate binding affinity of various receptor-ligand systems, ranging from small chemical molecular system [11] to large biological systems [12] . Furthermore, by sampling local energy barriers along dissociation path, it can provide thermodynamic details for molecular recognition. However, US itself does not provide the dissociation path. Therefore, enhanced sampling methods, such as steered molecular dynamics simulation (SMD) [13] [14] [15] [16] , adaptive biasing force (ABF) [17] and metadanamics [18] , are often used to provide the dissociation pathway that can be used as initial conformations for the intensive biased sampling for US. A number of methods have been proposed to improve the accuracy of US, such as the use the constrained schemes to alleviate sampling limitation [19] [20] [21] , or the combination with other method like Markov model to improve the convergence [22] . Despite the natural connection between these methods and US, how accurately the conformations from these enhanced sampling methods can resemble true dissociation path, or whether they can provide reasonable initial conformations for US, have rarely been studied. Moreover, how one dissociation path compared to another in the dissociation pathway ensemble may affect the results from US remains unclear. Here we answered these two questions by studying influential factors of US using two systems, β-Cyclodextrin (β-CD)-ligand complexes and p38α-inhibitor system. β-CD is a cyclic oligosaccharide containing seven glucopyranose units linked through 1,4 α glycosidic bonds, thus forming a truncated conical structure. With a hydrophobic inner surface and hydrophilic rims containing primary and secondary hydroxyl groups, it is able to accommodate small hydrophobic molecules, therefore enhancing the solubility and bioavailability of such molecules (Figure 1 ). The cavity of β-CD also resembles a protein binding site, and this makes it a good host molecule to study ligand-receptor binding. Because of these properties, β-CD and its derivatives have been widely used in drug delivery, pharmaceutical, food, and chemical industries [23] [24] [25] [26] [27] [28] [29] . Therefore, a large amount of experimental reference data is available [30] [31] [32] [33] [34] [35] [36] [37] . Figure 1 . Structure of β-cyclodextrin (β-CD). β-CD is consisted of seven glucopyranose units with a hydrophobic core and hydrophilic exterior.
p38α is the major isoform of p38, which belongs to the mitogen-activated protein kinases (MAPKs), a super-family of enzymes that regulate a variety of biological processes, such as proliferation, gene expression, differentiation and apoptosis [38, 39] . p38α has been a drug target for treating various inflammatory diseases, including rheumatoid arthritis, asthma, and cardiovascular disease [40] [41] [42] . To develop new inhibitors, it is necessary to investigate the kinetics behaviors of inhibitors during dissociation process. Like all protein kinases, p38α consists of a N-terminal domain and a C-terminal domain that are connected via a hinge [43] . The activation loop that carries a DFG (Asp-Phe-Gly) motif determines the opening or the closing of the binding cavity, where ATP binds during the activation process. The conformational change of activation loop can be characterized by different orientations of its Phe sidechain. In the active conformation, Phe is buried in αC helix (DFG-in), while in inactive conformation, Phe rotates away from the αC helix and projects into the ATP binding pocket (DFG-out). SB2 is a ligand of p38α that can bind to ATP binding site while activation loop adopts either DFG-in or DFG-out conformation [44] (Figure 2 ) and doesn't interfere with the conversion between DFG-in and DFG-out conformations of activation loop. This makes it the perfect candidate to study the influence of receptor conformational change on construction of free energy profile. In this work, we investigated how the PMF from US is affected by subtle changes in the dissociation pathways and conformational sampling methods that provide the initial conformations. We used dissociation of β-CD-aspirin, β-CD-1-butanol, and p38α-SB2 systems as examples. We utilized accelerated MD (AMD), SMD and manual pulling methods to provide the dissociation pathways as initial conformations for US, and investigated how these methods affect the PMF from US. By using different β-CD conformations as starting point for performing US, we found that the host conformation may fundamentally change the depth of the PMF from US, and the influence of initial conformation can hardly be removed by nanosecond level biased MD simulation, even for small systems like a β-CD complex. We also showed that AMD is a good tool to provide initial conformations for US simply by relaxing the conformations along dissociation pathways sampled by AMD using short MD simulations. However, SMD may not be a suitable method to provide the initial conformations, because the dissociation pathway sampled by SMD lacks important residue sidechain movement.
Materials and methods
Structure preparation and parameters β-cyclodextrin. We selected three β-CD conformations from previous MD simulations of β-CD-aspirin complexes and removed the ligand as initial conformation of β-CD. Two ligands, aspirin and 1-butanol, were selected to perform US along manually built dissociation pathways as detailed in later section ( Figure 3 ). We used q4MD-CD force field for β-CD [45] . We manually built the ligand structures with Vega ZZ [46] and computed the partial charges for them by using B3LYP/6-31+G(d,p) ChelpG calculations with Gaussian package [47] after optimizing the structures using the same settings. GAFF was used for the ligands.
p38α. SB2 is a ligand of p38α system that binds to both DFG-in and DFG-out conformations. We obtained p38α DFG-in conformation (PDB ID: 1A9U) [48] and DFG-out conformation (PDB ID: 3GCP) [49] from protein data bank (PDB). We built the missing activation loop (residues 173 to 184) of 3GCP by using the conformation from previous MD simulation of free DFG-out p38α. Amber 99SB force field was used for proteins and GAFF was used for ligand SB2. Figure S1 ) along trajectories are on the right. The fingerprint dihedral plots of β-CD are from biased MD of one US window where distance between center of mass (COM) of β-CD and aspirin is restrained to 10 Å. Before measurement of fingerprint angles, the trajectories were smoothed by averaging 100 forward and 100 backward frames on the concurrent frame throughout the whole trajectory to remove the noise. (B) Structures of aspirin and 1-butanol. Table 1 . Experimental kinetics and thermodynamics data of aspirin, 1-butanol complexed with β-CD, and SB2 complexed with p38α. KD, kon and koff data for complexes were taken from [31, 34, 50] , ΔGexp of β-CD-1-butanol complex was taken from [35] , ΔGexp of β-CD-aspirin and p38α-SB2 complexes were calculated using ΔGexp = RT ln KD.
Complex

Preparation of dissociation paths for US
For β-CD, we manually docked the ligands along the dissociation path. First, we put the center of mass (COM) of β-CD at the origin (0, 0, 0), and aligned its principal axes along X, Y, Z axes so that the primary cavity of β-CD faces the positive direction of X-axis. Then, we manually located the ligand so that its COM is also aligned at origin. By using this artificial bound conformation, we gradually moved the ligand along positive and negative of X-axis at a speed of 0.1 Å every step for 26 Å in both directions, until the ligand is fully dissociated. In this way, we obtained path A and B for ligand dissociation along the primary and secondary cavity of β-CD ( Figure 4 ). We repeated this procedure for aspirin and 1-butanol in the three β-CD conformations respectively.
For p38α-SB2 system, we constructed the dissociation paths by using three ways, i.e. AMD, SMD, and manual pulling as used for β-CD. We obtained two paths from AMD (path1 and path2), one path from SMD, one path from manual pulling for DFG-in conformation, and one path from AMD for DFG-out conformation.
Accelerated MD simulation.
AMD, which introduces a continuous non-negative bias boost potential function ΔV(r) to the potential energy surface when the system potential is below a reference energy, to enhance the conformational sampling of biological systems, therefore lowering the local barriers to accelerate the calculation [51] . AMD uses following equations to alleviate the energy barriers,
where V(r) is the original potential, E is the reference energy, and V*(r) is the modified potential. ΔV(r) is the boost potential, α is the acceleration factor.
The boost potential ΔV(r) can be applied to dihedral with input parameters (Ed, αD) and overall potential energy terms with input parameters (Ep, αP),
For simulations of p38α, we applied both potential-boost and dihedral-boost.
Steered MD simulation.
SMD simulation uses a time-dependent external force to drive the system to move in a predefined way [52] . The external force V(t) can be described as,
2 where x and x0(t) are the CV in simulation and the predefined time-dependent track of the CV, k is a harmonic force constant. We selected the distances between Cα of Arg73 and CC2 of SB2 ( Figure S2 ), which is also used to describe the RC in US, as the CV. x0(t) was set to move by 1.75 Å/ns and with a maximum at 33 Å. The force constant k was set to 10 kcal/mol· Å 2 . We equilibrated the bound state conformation for 100 ns using conventional MD, and then performed SMD for 10 ns at 300K and 1 bar in NPT ensemble. Temperature was maintained by Langevin thermostat.
Manual pulling.
In manual pulling, crystal structure of SB2 bound to p38α (1A9U) was used as reference conformation. Ligand SB2 was gradually moved along the vector of Cα of Arg73 and CC2 of SB2 towards outside of cavity at a speed of 0.25 Å every step for 16.75 Å, until SB2 was fully dissociated.
Umbrella sampling
US [53, 54] was performed to compute the free energy along the dissociation pathway. In US, a series of windows are evenly located along RC and intensive sampling in these windows is achieved by enforcing an external biasing potential. The samplings in each window must overlap with adjacent windows, so that the unbiased PMF can be reproduced by removing the biasing potential. The external biasing potential ui at window i is a harmonic function ui = ki(r -ri) 2 , where ri is the reference position, and ki is the harmonic force constant. All biased MD simulations were performed with Amber14 [55] . We used WHAM [56] to remove the biasing potential and reconstruct the PMF.
For β-CD, the distance between COMs of heavy atoms of β-CD and ligand was selected as the CV to represent the RC. As described in previous section, a total of 260 windows with 0.1 Å spacing along the RC were used to performed biased MD simulation. We minimized the initial conformation for each window for 1500 steps using generalized Born (GB) implicit solvation model [57] to remove clashes from manual pulling. Then we solvated β-CD-ligand complex with a 30-Å rectangular box of TIP3P water molecules using tleap module in AMBER14 [58] . After minimizing the system for 1000 steps, we equilibrated the water molecules at 298K for 1 ns with 1-fs timestep, and heated the entire system at 200K, 250K and 298K for 150 ps. In the minimization and equilibration steps, a harmonic force constant of 1000 kcal/mol· Å 2 was used to restrain the ligand at the correct window. Finally, we performed 2.5 ns production run at 298K with restraint using harmonic force constant of 100 kcal/mol· Å 2 . In WHAM, the bin size was set to 0.05 Å. The tolerance for iteration was set to 0.0001. The temperature was set to 298 K. For p38α, the distance between Cα of Arg73 and CC2 of SB2 was selected as the RC. We set up five sets of biased MD simulations for computing PMF using US as detailed in the previous section. Note that we performed 10 ns conventional MD simulations on the conformations along the two DFG-in and one DFG-out paths yielded from AMD to equilibrate the conformations before we used them as initial conformations in each window for the biased simulations for US ( Figure S2 ). From the SMD trajectory and the conventional MD that used to relax conformations of AMD, we selected the conformations that fall into the windows along RC and have minimal SB2 root mean square deviations (RMSD) compared to the bound state SB2 as initial conformations for the corresponding window. For the manual pulling path, since the system is not optimized or solvated, we performed these following steps on the conformations we obtained before proceeding to biased MD sampling. We optimized the conformations along the path by minimizing the hydrogen atom, sidechains, and entire complex for 500, 5000 and 5000 steps respectively for the same reason as we did for β-CD. Next, we solvated the conformation using TIP3P water model [58] so that the edge of the water box is at least 12 Å away from the solutes. We also added Na + ions to neutralize the system. We optimized the water molecules and the entire system for 10000 and 20000 steps respectively. After equilibrating the solvate for 40 ps at 298K in NPT, we heated the system from 250K to 300K gradually. In the minimization and equilibration process, the external force constant was 500 kcal/mol· Å 2 . In total, 62 windows from SMD, 68 windows from path 1, 2, manual pulling, and 71 windows from DFG-out path were evenly located every 0.25 Å along the RC. For all five sets of conformations, we performed a production run for 10 ns at 300K with an external restraint of 5 kcal/mol· Å 2 . In WHAM, the bin size was set to 0.2 Å. The tolerance for iteration was set to 0.0001. The temperature was set to 300 K.
Results and Discussion Unbinding process of β-CD complex system
The PMFs of path A and B are constructed by using WHAM from bound state to free state, and combined so that the free states of two paths of have the same free energy. The combined PMFs of β-CD-aspirin and β-CD-1-butanol are shown in Figure 5 . Comparing Conf 1 and 2 with Conf 3 of the β-CD complex systems, it's clear that the host conformations have remarkable impact on the shape of the PMF. For aspirin, the binding affinities of Conf 1 and 2 are -2.8 and -2.7 kcal/mol which are similar, while the binding affinity of Conf 3 is only -1.8 kcal/mol. The binding affinities from Conf 1 and 2 are 1 kcal/mol less favorable than experimental value -3.77 kcal/mol. For 1-butanol, the binding affinities of Conf 1, 2 and 3 are -1.7, -1.7, -1.3 kcal/mol, respectively. The binding affinities of Conf 1 and 2 agree with experimental value (-1.67 kcal/mol). We only considered three β-CD conformations but in reality, β-CD can adopt much more conformations in the ligand association and dissociation. Also, in the biased MD simulations, the external harmonic potential was only applied on the direction of the RC which was represented by the COM distance CV, and the ligand is free to move on the sphere with a radius of the COM distance in that window, resulting in unrestrained deviation from the X-axis. For these two reasons, the computed binding affinities do not rigorously agree with the experimental values.
The PMFs ( Figure 5 ) also suggest that the association energy barriers of aspirin and 1-butanol are 1.5 and 1.1 kcal/mol in Conf 1 respectively. The similar association energy barriers of aspirin and 1-butanol agree with the fact that these two ligands have similar association rate constants (Table 1) . Although the two-fold faster association rate constant of aspirin implies a smaller association energy barrier and the computed value is actually bigger than 1-butanol, the difference in the barrier is small than 0.6 kcal/mol and can be considered as bias from the β-CD conformation and errors due to thermal fluctuation. The computed dissociation energy barriers of aspirin and 1-butanol in Conf 1 are 4.4 and 2.8 kcal/mol respectively. This agrees with the experimental dissociation rate constants perfectly.
The combined PMF unambiguously indicates that the ligands bind preferentially to the primary direction of the β-CD cavity. The ligand binds to β-CD with a range from -3 to +3 Å in depth, and there is a huge energy barrier in all combined PMFs within this range. By close investigation of the population plot ( Figure S3 ), we noticed that this energy barrier near origin of the RC was caused by abnormal behavior of COM distance restraint when the two COMs were close to each other (SI Section Artifact of Restraints). Therefore, this energy barrier at the origin of the RC can be ignored. By looking at the combined PMFs without this energy barrier, we still observe that the free energy of the primary side is consistently 0.6 kcal/mol more favorable than the secondary side with one exception of 1-butanol in Conf 1 and 2. This is because the primary side of the β-CD cavity is more open and allows the aspirin to better fit into it. Because of its relatively small size, 1-butanol can fit into both primary and secondary sides of the β-CD cavity in Conf 1 and 2. In Conf 3, the size of cavity shrinks due to the flipping of two of the glucopyranose units of β-CD, 1-butanol prefers to bind to the bigger primary side of β-CD cavity (Figure 3 ). Since we only put restraints on the 1-D RC represented by the COM distance CV, we don't have control on the position of the ligand on the sphere centered at the COM of β-CD. For example, in the window where the COM distance is 10 Å, the ligand can adopt positions anywhere on a sphere with a radius of roughly 10 Å if the interactions between the ligand and β-CD is not considered. This is not a problem in the ideal case where interactions are ignored, but in reality, the intermolecular attractions may alter the distribution of ligand on such a sphere and significantly deviates the ligand from the artificial dissociation path along the X-axis ( Figure 6 ). In our simulation for aspirin, the ligand more or less follows the X-axis dissociation path way within 7 Å on the RC because of the geometrical restraints from β-CD. The ligand is free from the geometrical restraints and can diffuse on the spherical space under the government of intermolecular interactions in windows above 7 Å and within 13 Å. Note that between 10 to 13 Å, the ligand can form favorable van der Waals (vdW) interactions if the ligand is far away from the X-axis and sticks to the outer surface of β-CD ( Figure 7 ). Due to this reason, the ligand deviates from the artificial path along X-axis remarkably in that region (Figure 8 ). Apparently, even at the same COM distance of 10 Å, the ligand naturally tends to stay closer to β-CD when it is on the outer surface of β-CD with stronger attractions, than in the case where it is aligned to the X-axis, where no stronger attraction can be formed. This will certainly affect the shape of the PMF. When the RC is beyond 15 Å, the two molecules do not form strong interactions any more, and the ligand is totally free to diffuse in the spherical space in the simulation for one US window. With this concern, it is interesting to investigate how PMF will be affected by the direct dissociation along X-axis, and indirect dissociation where the ligand diffuses to the outer surface of β-CD and then dissociate. According to data of aspirin deviation from X-axis (Figure 8 ), we generated a direct dissociation PMF and an indirect dissociation PMF by using the first 0.2 ns biased simulations and the last 2.0 ns biased simulations for aspirin respectively ( Figure 9 ). As we anticipated, the direct PMF deviates from the indirect PMF that resembles the overall PMF. The direct PMF has a higher dissociation energy barrier at roughly 7 Å, and smooths out the energy valley at 10 Å. Compared to the artificially generated direct dissociation path along X-axis, the ligand is able to find the energy minimal path by walking on the surface of β-CD and depart from there in the indirect dissociation which reproduces the reality more, resulting in a lower PMF. The strong interaction between β-CD and aspirin through the outer surface of β-CD also generates the energy valley at 10 Å, which is missing in the direct PMF. To further explore how the initial guess of the dissociation path affects the PMF from US, we randomly picked data along RC from β-CD Conf 1, 2 and 3 to construct the cross PMF. In this way, we introduced conformational exchanges between biased MD simulation starting from Conf 1, 2 and 3. Not surprisingly, the cross PMF using data from Conf 1 and 3 is located between the original PMF curves (Figure 10) . However, the dissociation energy barrier may deviate from 2.5 kcal/mol from data of Conf 3 to 4.4 kcal/mol from data of Conf 1. Considering the normal length of biased MD simulation in each window in US application is only on the scale of nanoseconds [11, 12] , it is unlikely that such short biased simulation will thoroughly explore the conformational space restrained at the CV the users use to define the RC. Therefore, an initial guess of the dissociation path that deviates from the reality too much would not be brought back to the well-equilibrated state. This stands the red flag that when using US to compute PMF for a system, the initial guess of the dissociation path plays a crucial role, and non-energy-minimal dissociation path may lead to totally wrong PMF. 
Unbinding process of p38α complex system
The unbinding process of a large protein-ligand system takes usually as long as microseconds or even days, involving slow protein motions, complicated ligand rearrangement and various non-bonding interactions. This is far beyond the practical timescale of MD simulations. Therefore, it is common to use enhanced sampling methods to sample the ligand dissociation pathways. Then US can be used to perform intensive sampling using such pathways as initial conformations to compute the PMF of dissociation. For p38α complex system, we prepared five paths obtained using AMD, SMD and manual pulling. Path 1 and 2 are dissociation of SB2 from DFG-in conformation using AMD equilibrated by conventional MD. One dissociation path of SB2 from DFG-out conformation was also generated in the same way. The directions of path 1 and 2 are slightly different, as indicated in Figure 11 . Path 1 is a more straight forward dissociation where SB2 direct moves towards outside ( Figure S4 ), path 2 is an indirect dissociation where SB2 adhered to the hinge region, and kept diffusing on surface of the hinge until eventually moving out. SB2 ligands in SMD and manual pulling are moving in between the two directions of path1 and 2.
PMF plots of the five paths of SB2 dissociation are shown in Figure 12 . It is very interesting that except for the PMF from SMD, the other PMF plots predict similar binding affinities which are roughly 8 to 10 kcal/mol. The binding affinities from these paths somehow fall into the common range of drug-like compound binding affinities [59] and close to experimental value (Table 1) , regardless of the diversity of behaviors of energy barriers along the dissociation pathway and protein conformations. US using SMD path, however, predicts a binding affinity of roughly 25 kcal/mol, which is incredibly large. The PMF from US is questionable. The nanosecond timescale biased MD simulation is incapable of exploring the entire sub conformational space of protein systems restraint at the specific CV or CVs used to represent the RC. Even for small systems like β-CD-ligand complexes, nanosecond level simulations fail to smooth out the effects from initial conformations of β-CD and it takes microsecond MD simulations to fully explore the conformational space of β-CD. Therefore, the binding affinity and energy barriers from the PMF computed using US are not undoubtedly reliable. Figure 11 . Four dissociation paths for SB2-p38α complex with DFG-in conformation. Yellow: crystal bound conformation of SB2. Red: path 1 where SB2 direct moves towards outside. Green: path 2 where SB2 diffuses on the surface of the hinge region until moving out. Cyan: manual pulling path. Purple: SMD path. SB2 in manual pulling and SMD paths moves out along directions in between the two directions of path1 and 2. US using paths from AMD predicts similar PMF. The binding affinities computed using path 1 and path 2 are 8.7 kcal/mol and 10.6 kcal/mol respectively, and are highly similar. In path 2, SB2 diffuses on surface of the hinge region during dissociation, which explains why its PMF reaches a low and flat region between 21 and 24 Å. In DFG-out conformation, after SB2 breaks its hydrogen bond with Met109, the 4-methylsulfinylphenyl group can rotate back inside cavity and its phenyl ring will form stacking interaction with Phe169 ( Figure 13) . However, the binding free energy of SB2 with DFG-out conformation from US is -11.2 kcal/mol, surprisingly similar to path 1 and 2 with DFG-in conformation, which agrees with previous NMR study [44] about the free conversion between DFG-in and DFG-out conformations of p38α while bound with SB2. This suggests that the PMF computed using conformations from dissociation paths yielded from AMD can consistently reproduce the binding affinity if the conformations along the dissociation paths are relaxed by conventional MD simulations, even if the MD simulations are short. The different behaviors of protein motions and residue sidechain movement sampled from AMD, SMD and manual pulling may change the shape and height of PMF significantly. In free p38α crystal structure, Tyr35 has different orientation than SB2-p38α complex, instead of Tyr35 forming stacking interaction with the 4-methylsulfinylphenyl group of SB2, Tyr35 in free p38α rotates away and forms hydrogen bond with the sidechain of Arg67. Both free p38α crystal structure and our AMD simulation suggest that in order for SB2 to dissociate, Tyr35 will first rotates away into its position in free p38α crystal structure, breaking its stacking interaction with SB2, thus facilitating dissociation of SB2. However, in SMD, due to the enforced pulling force acted on SB2, Tyr35 doesn't rotate away, but follows SB2 towards outside, after breaking stacking interaction with 4-methylsulfinylphenyl group at 24 Å, it immediately forms stacking interaction with fluorobenzene group of SB2, and doesn't break until 29 Å (Figure 14) . This cause much larger energy barrier comparing to other paths. Interestingly, manual pulling US doesn't have this problem and actually performs quite similar to path 1 and 2, since all the residues of p38α are kept in the crystal structure positions, although Tyr35 doesn't rotates away from SB2 at the beginning of dissociation, it doesn't follow SB2 either, therefore avoiding unexpected interaction. Therefore, the initial guess of dissociation pathway for PMF calculation using US method must be validated and relaxed before performing biased sampling in each window for US. Figure 14 . SMD path (purple color) VS path 1 (red color). Tyr35 rotates away in path 1 to form hydrogen bond (shown in dash line) with Arg67, and breaking stacking interaction with SB2, while Tyr35 in SMD follows SB2.
To confirm the lack of protein conformational change during dissociation process simulated by SMD and manual pulling simulations, we measured RMSD of backbone atoms of p38α in biased short simulations of US windows for path1, 2, manual pulling and SMD. Average RMSD were obtained in each US window with crystal structure of DFG-in p38α (1A9U) as reference ( Figure S5 ). As expected, SMD and manual pulling simulations have smaller RMSD due to lack of necessary conformational change. SMD starts pulling after 100ns of conventional MD, which is enough to make the whole system reach equilibrium, but still not enough to get ready for dissociation. However, in researches using SMD to sample unbinding process of other kinase-ligand systems [60, 61] , the lengths of conventional MD before SMD are mostly shorter than 100 ns, or even 10 ns, which might introduce artifacts into the simulation. Besides, previous research has shown that too large pulling speed or pulling force constant in SMD would result in instability of system or significantly higher energy barrier [62] . Therefore, future dissociation sampling with SMD should be more rigorous with system setting up and conformation selection to minimize artificial errors. Gladly, several methods have been brought up to improve free energy estimates and conformation sampling of non-equilibrium SMD simulation. Based on the forward-reverse method, Nategholeslam et al. introduced bin-passing method to better separate of the reversible and irreversible work distributions, and achieve faster convergence [63] . By combining configurational freezing and nonuniform particle-selection scheme, Riccardo Chelli developed local sampling in steered Monte Carlo simulations that can enhance the accuracy of the free energy calculation [64] . Whalen et al. applied hybrid steered MD-docking method to better rank inhibitor affinities against a flexible drug target [65] .
Conclusion
We applied US to investigate the dissociation processes of β-CD and p38α complex systems with several conformational sampling methods, including AMD, SMD and manual pulling. We also investigated the influences of the computed PMF from conformations, dissociation pathways, intensity of the biased sampling in US and dissociation pathway sampling method. Different β-CD conformations can change the depth of PMF by more than 50%, and this suggest that nanosecond timescale biased simulation is unable to remove the effects from initial conformations, even for small host like β-CD. By comparing the direct and indirect pathway of β-CD complex dissociation, we also found that different dissociation paths can result in appearance and disappearance of local minima, and non-energy-minimal dissociation path may lead to wrong PMF. Commonly used enhanced sampling methods that provide initial conformations for US were discussed. For large protein-ligand system, SMD can efficiently pull ligand out of binding cavity, however, the artificial force may introduce unexpected interactions or miss necessary conformational change in sampling of dissociation process, thus requiring careful setting up and screening of structures. Manual pulling is similar to SMD, but may be suitable for sampling dissociation path of system that not requiring much host conformational change. Compared to these two methods, universal acceleration sampling method like AMD is able to simulate adequate details along the dissociation pathway. By relaxing the conformations along dissociation pathways sampled by AMD using short MD simulations, we obtained more reliable initial conformations for US, leading to consistent and reliable PMF. Therefore, we suggest that US can be a very reliable method for computing PMF, if a proper enhanced sampling method is used and the initial conformations are properly relaxed to remove the bias from the enhanced technique.
Abbreviations: US, umbrella sampling; MD, molecular dynamics; AMD, accelerated molecular dynamics; SMD, steered molecular dynamics; β-CD, β-cyclodextrin; PMF, potential of mean force; RC, reaction coordinate; CV, collective variable; COM, center of mass; RMSD, root mean square deviation.
Artifact of Restraints
Due to the limitation of distance restraint algorithm used in AMBER, when COM of ligand was close to 0 Å on X axis, where COM of β-CD was located, ligand could jump back and forth between path A and B. The harmonic potential added to restrain the distance between β-CD and ligand was irrelevant from directions and therefore causing an issue shown in Figure S3 . When the distance between COMs of β-CD and ligand was larger than 1 Å, the problem disappeared because the gap had become too large for ligand to jump through. We ran multiple runs for RC smaller than 1 Å to get a rough closer PMF. The future version of restraint setting in AMBER may consider restraining vector instead distance, so this issue can be revisited and solved. It's also noted that for the 0 Å on X axis, where the COMs of β-CD and ligand were overlapped, the peak split into two located on both sides. It's an artifact of restraint setting in AMBER, which caused the unusual high energy barrier at 0 Å position in Figure 5 . Figure S1 . Representation of one fingerprint angle in β-CD. The regression plane of entire molecule is in shown in cyan color and the regression plane of the six atoms highlighted by purple balls in one glucose unit is shown in purple color. The fingerprint angle of one glucose unit is defined by the dihedral angle between the two regression planes. Figure S5 . Plot of averaged RMSD of backbone atoms of p38α at each US window. RMSD values of backbone atoms of p38α from path1, 2, manual pulling and SMD paths are averaged in the biased MD for each window. Path 1 and 2 show higher RMSD due to AMD sampling more protein conformational change than SMD and manual pulling.
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